We purified metaphase or anaphase chromosomes To compare metaphase and anaphase chromosomal proteins, we developed a novel chromosome purificafrom Xenopus egg extracts and looked for proteins that left chromosomes at the onset of anaphase. This aption method ( Figure 1A ). Sperm nuclei and biotin-dUTP were added to CSF extracts. The extracts were released proach identified a single protein, Xkid, which is the Xenopus homolog of Kid, a human, kinesin-like, DNA into interphase by adding calcium, inducing the incorporation of biotin-dUTP into the replicating chromosomes. binding protein (Tokai et al., 1996) . Manipulating Xkid affects chromosome movement: removing the protein During interphase, the added calcium was sequestered in intracellular stores, making it possible to induce entry prevents normal chromosome alignment at metaphase, and blocking its degradation prevents poleward chrointo mitosis, by adding additional CSF extract to the interphase extracts. After spindle assembly, anaphase mosome movement in anaphase.
was induced by adding calcium for the second time. In a normal cell cycle, chromosomes would decondense at Results the end of anaphase because the destruction of mitotic cyclins inactivates Cdk1 (Shamu and Murray, 1992) . To Isolation of Metaphase and Anaphase prevent this, nondegradable cyclin (cyclin ⌬90) was Chromosomes added to maintain Cdk1 activity and chromosome conWe used frog egg extracts to look for proteins that left densation ( Figure 1A ) (Holloway et al., 1993) . Anaphase chromosomes at anaphase. Unfertilized frog eggs are depends on two events: dissolving the linkage between arrested in metaphase of meiosis II by cytostatic factor sister chromatids (sister separation) and segregating (CSF [Masui and Markert, 1971] ), which inhibits the APC. Fertilization triggers a rise in cytoplasmic calcium that the separated chromosomes to opposite poles of the spindle. We developed a method to visualize paired (kinesin-like DNA binding protein) (Tokai et al., 1996) . We therefore named the Xenopus protein Xkid (Xenopus sister chromatids. Diluting metaphase extracts into chromosome dilution buffer revealed pairs of sister Kid). A short stretch of the Xkid tail (Leu 585-Ser651) is 31% identical to Drosophila Nod (Zhang et al., 1990) . The chromatids whereas the same treatment of anaphase extracts produced separated chromatids ( Figure 1B Figure 1C) . A small fraction of Cdc27 (a component of APC) (King et al., 1995) and cyclin B1 also purified boxes that contain the RxxL motif first identified in mitotic cyclins (Glotzer et al., 1991), but only one of these with the beads. Neither ␣-tubulin nor proteins that cross reacted with anti-cyclin B1 antibodies (asterisks) copuriis present in Kid. If p74/p72 is Xkid, endogenously labeled p74/p72 fied with chromosomes. Besides cyclin B1, which is known to be degraded in anaphase, none of these proshould be immunodepleted by antibodies against Xkid. We raised rabbit antibodies against the C-terminal 304 teins were lost from the chromosomes at anaphase.
We compared the proteins bound to metaphase and amino residues of Xkid. The affinity-purified antibody recognizes a protein at 74 kDa in CSF extracts whose anaphase chromosomes. The proteins detected by silver staining were indistinguishable between metaphase and abundance declines rapidly after adding calcium to CSF extracts, showing that the antibody is specific to Xkid anaphase chromosomes ( Figure 1D ). Although eggs have large stockpiles of most chromosomal proteins, those and that Xkid is degraded in anaphase ( Figure 2D ). Using anti-Xkid antibodies coupled to magnetic beads, more like cyclin, which are degraded in one cell cycle, must be resynthesized in the next (Murray and Kirschner, than 90% of Xkid was depleted from CSF extracts that had been labeled with 35 S-methionine. These Xkid-1989). To look for such proteins, we examined the newly synthesized proteins that associate with chromosomes.
depleted CSF extracts were added to cycloheximidetreated interphase extracts containing biotinylated chroWhen 35 S-methionine was added to the initial extracts, a pair of proteins (p72 and p74) copurified with metaphase mosomes where 90% of Xkid had been degraded, and metaphase chromosomes were prepared from the chromosomes but not with anaphase chromosomes ( Figure 1E ). On two dimensional gels, we found that p74 mixed extracts ( Figure 2E , lane 2). Neither p74 nor p72 copurified with metaphase chromosomes from Xkidand p72 comigrated in the isoelectric focusing dimension ( Figure 2B ) and that no protein other than p74/p72 depleted extracts ( Figure 2E , lane 4). The reduction of p74/p72 was not caused by premature anaphase in the showed reproducible difference between metaphase and anaphase (data not shown).
Xkid-depleted extracts (data not shown).
Xkid Localizes to Metaphase Chromosomes Identification of p74/p72 as Xkid in Frog Egg Extracts We used expression cloning (Lustig et al., 1997) to obtain
We examined the localization of Xkid during mitosis. a cDNA clone encoding p74/p72. We examined metaAnti-Xkid immunofluorescence was strong on metaphase chromosomes prepared from extracts that had phase chromosomes and weak on spindle poles and been supplemented with labeled proteins expressed along spindle microtubules ( Figure 3A , left). Twenty minfrom pools of a cDNA expression library. After screening utes after adding calcium, when sister chromatids had 54 pools representing 27,000 clones, we found one pool segregated, the level of anti-Xkid immunofluorescence that produced chromosome binding proteins of 74 kDa associated with chromosomes fell ( Figure 3A , right). To and 50 kDa (Figure 2A ). The in vitro translated 74 kDa obtain more detailed images of chromosomes, we diprotein behaved like the endogenously labeled p74/p72 luted extracts with chromosome dilution buffer to disprotein: calcium-induced APC activity led to a decline perse the spindles and chromosomes. Punctate Xkid in the amount of the protein recovered with the chromostaining was seen on metaphase chromosomes but no somes. By subdividing the p74-containing pool we idensignal was detected on anaphase chromosomes, even tified a cDNA clone encoding the 74 kDa protein. When though these had been prepared from an extract in the mRNA from this clone was translated in reticulocyte which the Cdk1 activity had been kept high by adding lysate and added to extracts, a small amount of the 72 nondegradable cyclin ( Figure 3B ). kDa protein copurified with chromosomes in addition to the 74 kDa protein (data not shown), suggesting that both proteins are derived from a single mRNA, by using Xkid Is Required for Metaphase Chromosome Alignment alternative initiation codons or post-translational modification. Reticulocyte translated p74 comigrates on a two
We investigated the role of Xkid during spindle assembly by immunodepleting the protein from extracts. Since dimensional gel with endogenously labeled p74/p72 from egg extracts, supporting the idea that the cDNA metaphase spindles are assembled by adding a CSF extract to an interphase extract, both of these extracts encodes both p72 and p74 ( Figure 2B ). The same protein was also identified in a screen for proteins whose demust be depleted of Xkid ( Figure 4A defects were seen when affinity-purified Xkid antibodies As well as being abnormally positioned along the length of the spindle, many of the chromosomes in the depleted were added to the extracts to a final concentration of 68 g/ml ( Figure 4C ). extracts were stretched along the length of the spindle as if one end was being held at the spindle equator and To show that this chromosome misalignment phenotype was caused solely by loss of Xkid, we asked if the other was being pulled toward the pole. For one chromosome, the end located at the center of the spinadding recombinant Xkid protein could restore normal chromosome alignment. We purified baculovirusdle appeared to become detached from the spindle (the chromosome marked "c" at 49 min in Figure 5B ) allowing expressed Xkid tagged with 6 histidine residues at its N termini (6ϫHis-Xkid) ( Figure 4D ) and added it to Xkidthe chromosome to shrink rapidly toward the pole. For most stretched chromosomes, the end that moved todepleted extracts. Adding purified 6ϫHis-Xkid rescued the misalignment of chromosomes in spindles (Figures ward the pole did so continuously. As chromosomes stretched, the speed of poleward movement was 1.0 Ϯ 4B and 4E). Whereas 40 nM 6ϫHis-Xkid is required to fully rescue immunodepleted extracts, adding 10 nM 0.3 m/min (n ϭ 18) in Xkid-depleted extract. We considered several ideas to explain how Xkid 6ϫHis-Xkid (similar to the concentration of endogenous Xkid) increased the fraction of properly aligned spindles depletion alters the position and stretch of chromosomes on the spindle. The first was that Xkid is required to 53%. to maintain normal chromosome structure. This is unlikely because the extent of chromosome condensation Chromosomes' Arms Move to Poles in the is the same in Xkid-depleted and control extracts, even Metaphase Spindle in the Absence of Xkid when spindle formation was inhibited by nocodazole To examine the consequences of Xkid depletion in more (data not shown). In addition, there was no morphologidetail, we followed the formation of individual spindles cal difference between chromosomes from control and by video microscopy. We collected images of rhodaXkid-depleted extracts when they were examined in mine-labeled microtubules and DAPI-stained DNA at 45 chromosome dilution buffer (data not shown). The secs intervals after the addition of CSF extracts that induce ond possibility is that the sister chromatids partially sepspindle formation ( Figure 5 ).
arate from each other allowing the sister kinetochores Figures 5A and 5B show the comparison between to move toward opposite poles. We used anti-CENP-E mock-depleted and Xkid-depleted extracts. In both exantibodies, which recognize a kinesin found at kinetotracts, chromosomes started to condense between 4 chores (Desai et al., 1997), to see the kinetochores in and 7 min after adding CSF extract, and microtubules Xkid-depleted extracts ( Figure 6 ). Most of the stretched nucleated from centrosomes and chromosomes around chromosomes (72%) had a pair of CENP-E dots at the 10 min. In all the control spindles, the majority of chrochromosome end closest to the center of the spindle mosomes stayed at the metaphase plate throughout the (arrows in Figure 6 ) whereas 24% had a pair of dots at experiment, although occasional chromosomes moved the chromosome end closest to the pole and 4% had substantial distances away from the equator before reonly a single visible dot. These results argue that there turning to it (the chromosome marked "b" in Figure 5A ). is no loss of sister chromatid linkage in metaphase, XkidIn one extreme case, an individual chromosome moved depleted extracts. Instead, they support the idea that rapidly to one spindle pole and then returned to the the positioning of the kinetochores on the spindle is equator (the chromosome marked "a", between 35 and relatively normal, but that the chromosome arms are 43 min in Figure 5A ). moved toward the spindle poles. In Xkid-depleted extracts, the initial stages of spindle assembly resembled those in control extracts. The chromosomes condensed, bipolar spindles formed, and the Xkid Is Degraded by Ubiquitin-Mediated Proteolysis Xkid is required for metaphase chromosome alignment, chromosomes were initially located at the spindle equator ( Figure 5B ). By 15 min after the onset of mitosis, however, but is degraded in anaphase. The APC triggers polyubiquitination and proteolysis of cyclins and securins the chromosomes began to move toward the poles. S-methione-labeled Xkid was added to a CSF extract and anaphase was induced by adding calcium, a higher-molecular weight smear increased in intensity during Xkid degradation ( Figure 7B, left panel) . This smear and a ladder of labeled bands are retained by a metal affinity column when extracts are supplemented with ubiquitin tagged with 6 histidine residues (6ϫHis-Ubiquitin) ( Figure 7C, upper panel) . More of the smear was recovered from extracts with added calcium. This calcium-stimulated smear was suppressed by supplementing the extracts with the N terminus of cyclin B, but not the mutant version that lacks a destruction box, suggesting that anaphase-specific ubiquitination of Xkid depends on the APC.
The C terminus of Xkid appears to play a role in its destruction at anaphase. A version of the protein that carries 12 repeats of the Myc epitope at its C terminus (Xkid-12Myc) is not degraded when calcium is added to a CSF extract ( Figure 7B, right panel) . This form of the protein produces much smaller amounts of ubiquitinconjugated high molecular weight material than the wildtype protein ( Figure 7C , lower panel), reinforcing the conclusion that Xkid destruction depends upon its ubiquitination.
Xkid Degradation Is Required for Chromosome Segregation during Anaphase
Is APC-dependent proteolysis of Xkid required for any anaphase events? To answer this question, we exploited the observation that Xkid-12Myc was stable in anaphase ( Figure 7B ). Xkid-12Myc with 6 histidine residues at its N terminus (6ϫHis-Xkid-12Myc) was purified from insect cells ( Figure 4D ). This modified form of the protein is functional since adding it rescued the misalignment of chromosomes in Xkid depleted extracts, although about anaphase. Our inability to see cohesins disappearing at without them, the separated chromosomes could only the onset of anaphase agrees with work showing that get to the position occupied by monooriented chromothese proteins leave frog chromosomes at the onset of somes during spindle assembly. Changes could include mitosis, substantially before sister chromatids separate a reduction in the polar ejection force, abolishing the (Losada et al., 1998). In addition, since we added nondeability of kinetochores to move away from the pole they gradable cyclin B to keep Cdk1 active during anaphase, are attached to, or cross-linking the kinetochore to miproteins that cannot leave the chromosomes until Cdk1 crotubules that are being moved poleward (Skibbens et is inactivated would not be detected in our experiments. al., 1993; Rieder and Salmon, 1994). The demonstration The purity of the recovered chromosomes allowed us that Xkid degradation is required for anaphase chromoto clone Xkid by screening the translation products of some movement strongly suggests that reducing the large pools of clones. This is a general strategy for findpolar ejection force plays an important role in anaphase ing new chromosomal proteins and could be modified of early frog embryos.
to identify proteins that bind to chromosomes only after The destruction of Xkid depends on the activity of the specific perturbations, such as the activation of various APC. Chromosomes' movement to the poles requires checkpoints. The ability to deplete such proteins and the destruction of Xkid, but not that of cyclin B (Holloway replace them with mutant versions gives frog egg exet al., 1993). Thus, activating the APC independently tracts many of the assets of genetically tractable organtriggers events that interact with each other to segregate isms. This is especially true for studying molecules that are essential for cell viability and reproduction. the chromosomes. These include sister separation, -ubiquitin (lanes 1, 3-7, and 9-12) , 90 g/ml N-Cyc (lanes 5 and 11), 90 g/ml N-Cyc ND (lanes 1, 6, 7, and 12)). Extracts were incubated for 10 min after adding buffer (lanes 3 and 9) or calcium to 0.4 mM (lanes 1, 2, 4-8, and 10-12) . Autoradiograms of total extract proteins (lanes 1 and 7) and proteins affinity purified with Ni 2ϩ -NTA-agarose (lanes 2-6 and 8-12) are shown.
Experimental Procedures plus 30% (w/v) sucrose, 0.05% Triton X-100, 1 mM PMSF, and 10 g/ml LPC), and gently rotated at 4ЊC for 4 hr. Dynabeads were A detailed description of the Experimental Procedures is posted on the internet at http://www.cell.com/cgi/content/full/102/4/411/ collected with a magnetic particle separator and washed six times with 30 l of 30SCB. Chromosomal proteins were eluted with stan-DC1.
dard sample buffers and applied to 7.5%-15% gradient SDS-polyacrylamide gels or 2-D gels.
Visualizing Individual Chromosomes
One microliter egg extract containing condensed chromosomes was mixed with 4 l chromosome dilution buffer (10 mM K-HEPES, (pH Cloning Xkid cDNA Poly A ϩ RNA was purified with Oligo(dT)-Cellulose Type 3 (Collabo-7.6), 200 mM KCl, 0.5 mM MgCl 2 , 0.5 mM EGTA, and 250 mM Sucrose). Fifteen minutes after incubation at room temperature, 1 l rative Biomedical Products) from total RNA which had been isolated using a commercial extraction reagent (Trizol, GibcoBRL) from Xenof the diluted chromosomes were mixed with 3 l Fix (Murray, 1991) on a glass slide and covered with an 18 ϫ 18 mm coverslip.
opus CSF extracts. The first strand of the cDNAs were synthesized using reverse transcriptase (SuperScript II, GibcoBRL). The 3Ј end of the first strand was annealed with an oligonucleotide that conPurification of Biotinylated Chromosomes Metaphase spindles were assembled as described (Shamu and Murtained the SP6 promoter sequence and terminated GGG, exploiting the tendency of reverse transcriptase to add several C residues to ray, 1992). For a standard experiment, biotinylated-dUTP (final concentration 5 M), 20 Ci Tran 35 S-label (ICN), sperm nuclei (final the 3Ј end of cDNAs synthesized from capped mRNA molecules. The second strand was synthesized and the double-stranded cDNA concentration 1400/l), and calcium chloride (final 0.3 mM) were added to 120 l CSF extract to obtain an interphase extract. After was amplified using additional oligonucleotides that introduced AscI and NotI sites, following the manufacturer's instructions (Clontech). 90 min of incubation at 20ЊC, 60 l fresh CSF extract and cyclin B ⌬90 (Glotzer et al., 1991) (final 24 g/ml) were added to interphase After PCR products were digested with AscI and NotI, DNA fragments were purified from a 7.5% agarose gel and ligated between extracts, and the reactions were incubated for a further 60 min. Buffer or 0.4 mM calcium chloride was added and the reactions NotI and AscI sites of a pBluescript KS(ϩ)-based cloning vector. The ligation products were transformed into DH10B cells plated to were incubated for a further 60 min to obtain metaphase or anaphase chromosomes, respectively. Sister chromatid separation was moni-LB-ampicillin plates to obtain 500-1000 colonies / plate. Each plate was replica printed and the original plates were stored at 4ЊC. Pools tored by diluting a sample of the extract into chromosome dilution buffer, after which the remainder of the extract was frozen in liquid of bacterial cells were collected from the replica prints, plasmid DNA was prepared and added to a coupled trasncription-translation nitrogen and stored at Ϫ80ЊC.
To purify chromosomes, frozen extracts (180 l reactions) were reticulocyte lysate (TNT, Promega). After the translation was complete, the 35 S-labeled lysates were added to interphase extracts quickly thawed and mixed with 540 l of dilution buffer (DB; 10 mM K-HEPES [pH 7.6], 100 mM KCl, 2 mM EDTA, 0.5 mM EGTA, 0.5 containing 1400 sperm nuclei/l, 100 g/ml cycloheximide, 1 mM L-methionine, and 0.4 mM L-cysteine just before adding fresh CSF mM spermine, 250 mM Sucrose, 1 mM PMSF, and 10 g/ml LPC (leupeptin, pepstatin, and chymostatin)). Diluted extract was layered extracts and cyclin ⌬90. After chromosomes were purified as described above, chromosomal proteins were run on an 7.5%-15% over 0.5 ml of 60SCB (DB plus 60% (w/v) sucrose, 0.05% Triton X-100, 1 mM PMSF, and 10 g/ml LPC) in a 1. 
